The present study was conducted to estimate energy requirements for maintenance in laying hens by using indirect calorimetry and energy balance. A total of 576 28-wk-old Nongda-3 laying hens with dwarf gene were randomly allocated into four ME intake levels (86.57, 124.45, 166.63 and 197.20 kcal/kg body weight (BW) 0.75 per d) with four replicates each. After a 4 d adaptation period, 36 hens from one replicate were maintained in one of the two respiration chambers to measure the heat production (HP) for 3 d during the feeding period and subsequent 3 d fast. Metabolizable energy (ME) intake was partitioned between heat increment (HI), HP associated with activity, fasting HP (FHP) and retained energy (RE). The equilibrium FHP may provide an estimate of NE requirements for maintenance (NEm). Results showed that HP, HI and RE in the fed state increased with ME intake level (p<0.05). Based on the regression of HP on ME intake, the estimated ME requirements for maintenance (MEm) was 113.09 kcal/kg BW 0.75 per d when ME intake equals HP. The FHP was decreased day by day with the lowest value on the third day of starvation. Except for lowest ME intake level, the FHP increased with ME intake level on the first day of starvation (p<0.05). The FHP at the two higher ME intake levels were greater than that at the two lower ME intake levels (p<0.05) but no difference was found between the two lower ME intake levels. Linear regression of HP from the fed state to zero ME intake yielded a value of 71.02 kcal/kg BW 0·75 per d, which is higher than the extrapolated FHP at zero ME intake (60.78, 65.23 and 62.14 kcal/kg BW 0.75 per d for the first, second and third day of fasting, respectively). Fasting time, lighting schedules, calculation methods and duration of adaptation of hens to changes in ME intake level should be properly established when using indirect calorimetry technique to estimate dietary NE content, MEm and NEm for laying hens.
INTRODUCTION
Evaluation of energy content of feeds for laying hens is usually based on their metabolizable energy (ME) contents. As ME is not a predictor of how efficiently the bird then uses what is available (Macleod, 2000) , net energy (NE) system has been proposed. When using a factorial analysis procedure to estimate NE values of diets, NE for maintenance (NEm) must be estimated (Noblet et al., 1994) . The maintenance energy requirement is essentially an ATP requirement. The ME requirement for maintenance (MEm) was considered to be diet-dependent due to differences between nutrients, but NEm expressed as ATP needs in a non-producing state ought to be independent of nutritional level and related to animal state only. MEm for animals is usually estimated by establishing regression of heat production (HP) on ME intake levels and extrapolation to the ME intake level at which it equals HP (Lange et al., 2006) .
As NEm is difficult to measure directly, the equilibrium fasting heat production (FHP) is frequently used to estimate activity-free NEm (Birkett and de Lange, 2001a; . Although the FHP can be measured during reasonably standardized conditions, it varies with the length of fasting period and previous nutrient-feeding level by Lange et al. (2006) , which obtained three different extrapolated plateau HP following a 24 h fast increased with previous nutrientfeeding level in growing pigs.
Partitioning of ME can be determined by measuring HP, all ME not retained by the animal is lost as heat. According to Van Milgen et al. (1997) , HP during feeding was partitioned into heat increment (HI, i.e. thermal effects of feeding), HP associated with activity (HP a ) and FHP. There are few reports on energy metabolism and estimation of FHP for laying hens (Grimberger, 1970; Macleod and Jewitt, 1988; Li et al., 1991) . As proposed by Tess et al. (1984) , it allowed for measurement of FHP based on the average HP for some time in fasting animals. Li et al. (1991) found that the HP associated with feeding had been eliminated after 22 h of fasting in laying hens. However, experimental methodology and variability among hens of different genotype may cause discrepancies on estimation of FHP.
The objective of the present study was to determine the effects of different amount of earlier ME intake on fasting HP and the main components of energy expenditure in laying hens using indirect calorimetry method. Linear regression was developed to analyze the relationship between the HP and ME intake in feeding and fast state.
MATERIAL AND METHODS

Experimental design and diets
The study protocol was approved and conducted in accordance with the Animal Ethics Committee guidelines of China Agricultural University.
A Total of 576 28-wk-old Nongda-3 laying hens with the dwarf gene were selected at approximately 1.120.04 kg body weight (BW) and randomly allocated into one of four ME intake levels during four subsequent experimental periods. The feeding levels represented targeted daily ME intakes of 87, 130, 174, 218 kcal/kg BW 0.75 per d, respectively. 144 laying hens were assigned to the same treatment with four replicates each, 36 hens per replicate. Experimental periods consisted of 4 d of adaptation (in a layer house) to experimental treatments followed by indirect calorimetry and N-balance measurements in two open-circuit respiration chambers. An adaptation period of 4 days was chosen to allow the size of visceral organ to adjust to the new ME intake. Since assignments of two replicates to the two respiration chambers were made each week, the measurement for each treatment lasted two weeks. Ingredients and nutrient composition of the experimental diets were shown in Table 1 . The corn and soybean mealbased diet (basal diet) was formulated to meet requirements of all experimental hens.
Indirect
calorimetry and nitrogen balance measurements Each respiration chamber was equipped with speciallymade upper and lower adjoining cages (n = 12) measured 393740 cm (widthdepthheight) and housed three hens each, including four trays to collect the excreta of hens. The door of each respiration chambers contained a window that allowed for general observation of the birds. Temperature in the respiration chambers was set at 201C. Relative humidity was 70%.
36 hens from one replicate were maintained in one of the two respiration chambers for 7 d periods. In the respiration chambers, hens were fed the basal diet daily according to four feeding levels at 8 a.m. Free access to water was allowed from nipple drinkers at all times. On days 1 to 4, the lighting cycle was 16 h light: 8 h dark, lighting was switched on and off at 6 am and 10 pm. The first day served as adjustment to the new environment and was not considered in the final calculations. Measurements of O 2 consumption and production of CO 2 were made on days 2 to 4 in hens in the fed state. On d 5 to 7, O 2 consumption and CO 2 production were measured in fasting hens in the darkness. Hens were weighed before arranging into chambers and at the start and end of measuring fasting HP. Changes in gas concentrations by measuring O 2 consumption and CO 2 production were recorded at three minutes intervals and, combined with physical aspects of gas exchanges (changes in atmospheric pressure, relative humidity, gas extraction rates), were used to calculate daily total HP (van Milgen et al., 1997) .
Heat production from hens was calculated without correction for N retention (Spratt et al., 1990) according to the equation proposed by Brouwer (1965) : HP = 16.18V O2 5.02V CO2 , where V O2 and V CO2 are volume of gas. Since hens were fed diets daily by opening the door of chambers at 8 am, the unstable data from 8 am to 9 am was removed, and the daily total HP was calculated by extrapolation of the actual measurement made during approximately 23 h to a 24 h period. The respiration quotient (RQ) was determined as the volume of CO 2 produced, divided by the volume of O 2 consumed. Total excreta was collected and frozen daily in every three adjoining cages on days 2 to 4, so it contained four samples of excreta for each replicate. Samples of basal diet and excreta (free of feathers, scales, and cracked eggs) were dried in a forced-air oven at 65C to constant weight and then ground to a fine particle size for subsequent measurement of total N and GE, measured using a Kjeldahl apparatus (KDY-9380, Shanghai, China) and an oxygen bomb calorimeter (WZR-I A, Changsha, China), respectively. Nitrogen retention (RN) was calculated as the difference between N intake and N in the excreta. The AME values of experimental diets were calculated by subtracting GE excreted from GE intake and dividing this value by feed intake. Total retained energy (RE) was defined as the difference between ME intake and HP on a daily basis. Results concerning ME intake, HP, RE, HI and FHP were expressed as kcal/kg BW 0.75 d.
Statistical analysis and calculations
Data were analyzed by one-way ANOVA of SPSS 17.0. The significance of differences among four treatment means was evaluated by Least Significant Difference (LSD) posthoc multiple comparisons test. Significance was p<0.05 unless otherwise stated. Linear regression analyses were conducted to relate the various components of HP to ME intake.
RESULTS
General observations
Throughout the whole experiments periods, no laying hens were found in poor condition or dead. As shown in the ) ; the determined mean dietary AME contents were 2,596, 2,576, 2,569 and 2,619 kcal/kg (p>0.05), for the low, medium-low, medium-high and high ME intake level, respectively. The mean retained nitrogen increased with ME intake from 0.24 g/kg BW 0.75 per d at the lowest ME intake to 0.93 g/kg BW 0.75 per d at the highest ME intake.
Components of energy expenditure
The energy balance was measured during d 2 to 5 in the respiration chambers, mean observed daily ME intakes were 86.57, 124.45, 166.63 and 197.20 kcal/kg BW 0.75 per d and similar to targeted ME intake levels. As shown in the Table  2 , total HP in hens in the fed state increased with ME intake level (p<0.001) from 106 kcal/kg BW 0.75 per d at the lowest ME intake to 146.93 kcal/kg BW 0.75 per d at the highest ME intake. The increase in ME intake was associated with higher RE (p<0.001) and HI (p<0.001). The HI contributed and 36.4% and 50.5% to HP in hens at the low and high ME intake levels, respectively. The total HP in hens at the lowest ME intake level exceeded their ME intake, leading to a negative value for RE. As the ME intake increased, the RQ in hens was significantly increased from 0.91 to 1.02 (p<0.001).
HP and RQ in hens during fasting period
As shown in the Table 3 , the HP in fasting hens decreased day by day for the four ME intake levels. During days 1 to 3 of starvation, the fasting HP in hens for the two higher ME intake level were greater than that for the two lower ME intake level (p<0.05). However, there was no difference on daily HP in fasting hens between the low and medium-low intake level. No difference on HP in hens both on the d 2 and d 3 of fasting were found between the medium-high and high intake level. The RQ was not influenced by ME intake level during days 1 to 3 of fasting.
There was a strong linear relationship between total HP in the fed state and ME intake, observations from the present study may be used to estimate the value of MEm and extrapolated HP at zero ME intake (HP 0 , Figure 1) . Based on the linear regression analyses, MEm and HP 0 was estimated to be 113.09 and 71.02 kcal/kg BW 0.75 per d for laying hens (Figure 1 ), extrapolated fasting HP in hens at zero ME intake on d 1, 2 and 3 of starvation was 60.78, 65.23 and 62.14 kcal/kg BW 0.75 per d, respectively ( Figure   1 ).
DISCUSSION
Effects of different ME intake levels on components of energy expenditure
The increase in feed intake was associated with higher energy and nitrogen retention in the present study, similar results were obtained for growing broiler (Macleod, 1990) and pigs (Lange et al., 2006) . Daily intake of ME in hens in the fed state was more than 124.45 kcal/kgW 0.75 per d except for the lowest ME intake level, which is sufficient to cover the ME requirements for maintenance. The RE contained both body energy and egg energy. As the ME intake decreased, the RE in hens at the lowest ME intake level reached a negative value, and the RQ of hens dropped from 1.02 at the highest ME intake to 0.91 at the lowest ME intake, indicating that hens at the lowest ME intake couldn't meet their MEm requirement and then used body energy for egg production (Spratt et al., 1990) . Across treatments in the present study, the HI in hens varied between 36.0% and 37.6% of ME intake when ME intake for hens exceeded their MEm (44.8% for hens at the lowest ME intake), suggesting that ME intake level exerts little influence on the efficiency of deriving available energy from ME intake. However, Li et al. (1991) found that HP in laying hens associated with feeding was 16% of ME intake, which was lower than the value of present study for the reason that the HI contained the HP associated with activity in the present study.
Light can stimulate physical activity of laying hens. In the present study, a pronounced diurnal rhythm in HP in the fed state was observed, which agreed with the findings of Sarmiento-Franco et al. (2000) and Li et al. (1992) . Li et al. (1992) reported that HP declined with decreasing light intensity in laying hens. These effects were considered to result from changes in physical activity. Considering the effects of light on HP in hens, the lighting time should be strictly controlled.
Effects of different ME intake levels on HP and RQ during fasting period
In the present study, starvation markedly reduced the HP in laying hens compared with that in the fed state. As the fasting time prolonging, the fasting HP was decreased with the lowest value on the third day of starvation in each treatment, indicating that much little HP come from thermal effects of feed. However, no difference was found on Table 3 . Effect of ME intake levels on heat production (HP) and respiration quotient (RQ) in laying hens at different fasting time
Item
Fasting time ME intake levels SEM fasting HP in hens between the low and medium-low intake level, and the fasting HP in hens at the two lower ME intake levels were significantly decreased than that at the two higher ME intake levels on both the second and third day of starvation, indicating that the HP on the third day of starvation at the low or medium-low intake level was stable and can be used to estimate plateau FHP.
Starvation can affect the oxidation pattern by reducing protein oxidation and shifting from carbohydrate to fat oxidation (Chwalibog et al., 2004) . The fasting RQ was not influenced by ME intake level in the present study, but it was decreased from about 0.91 to 1.02 during free feeding to about 0.79 (0.78 s 0.81) during the 3 d of starvation, indicating that hens during starvation mobilized some body fat stores to sustain energy metabolism (Brouwer, 1965) .
Estimates of maintenance energy requirement
Based on the similar method of present study, Macleod and Jewitt (1988) estimated the MEm in laying hens by using regression of a range of energy retentions on energy intakes followed by interpolation of zero energy retention, and found that this method didn't underestimate the value of MEm for laying hens. (Jadhao et al., 1999) , 112 to 158 kcal/kg BW 0.75 ·d for broilers (Sakomura et al., 2005a ) and 93 to 139 kcal/kg BW 0.75 d for Lohmann hens (Sakomura et al., 2005b) under different temperatures, the latter three of which were based on the method of comparative slaughter technique. Except for the experimental methodology and ambient temperature, rearing system may also contribute to variation in estimates of MEm due to the energy expenditure for physical activity (Carlos Bôa-Viagem Rabello and de Resende, 2004) .
The duration of adaptation of hens to changes in ME intake level before measuring HP should be considered carefully, especially when dietary NE contents were calculated as the sum of RE and estimated HP 0 (Noblet et al., 1994; Birkett and de Lange, 2001b) . It is important to determine how long laying hens should be fed when using regression analyses to estimate MEm and HP 0 from HP at various ME intake levels. Macleod and Jewitt (1988) found that the stability of HP and energy intake in laying hens was approached after 2 d of reduced energy intake. 4 d adaption to each ME intake level in the present study can make hens obtain stable HP in the fed state. However, Spratt et al. (1990) , who used same regression method with Macleod and Jewitt (1988) and allowed 3 d for adjustment to diets when measuring HP following a reduction in ME intake, obtained a 23% higher estimate of HP 0 (87.7 kcal/kg BW Since estimation of HP 0 requires measurements of HP at different ME intake levels, the equilibrium FHP in different groups of animals is frequently used to estimate NEm (Birkett and de Lange, 2001a; . The asymptotic nocturnal HP after 24 h of starvation was used for estimation of plateau FHP by van Milgen et al. (1997) , which may eliminate the potential bias from duration of fast. However, FHP can also be measured as average HP in fasting animals during night hours (Tess et al., 1984) , which was similar with the present study but for the different fasting time. As mentioned above, the equilibrium FHP in laying hens may be estimated based on the HP on the third day of starvation at the low or medium-low intake level. Macleod (1990) found that maintenance energy requirement and fasting HP in growing broiler were not affected by diet. However, the present results suggested that fasting HP was influenced by earlier ME intake level. Li et al. (1991) found that HP in laying hens after 46 h of diet deprivation did not differ from that after 22 h of deprivation, but the present findings failed to observe an equilibrium fasting HP on the third day of fasting across treatments. Chwalibog et al. (2004) found that pigs after 4 d of starvation still couldn't reach an equilibrium FHP, so it is difficult to assess how long animals should be starved before fasting HP will be not affected by earlier feeding level. It appears reasonable to adjust fasting HP for their ME intake level by extrapolation to zero ME intake. Linear regression analysis showed that extrapolated fasting HP at zero ME intake on d 1, 2 and 3 of starvation (60.78 s 65.23 kcal/kg BW 0.75 per d) are numerically lower than HP 0 (71.02 kcal/kg BW 0·75 per d), these differences were considered to result from changes in physical activity due to little effect of activity on fasting HP in the dark. CONCLUSIONS ME intake level influenced HP, HI, RE during fed state. The fasting HP was also affected by earlier ME intake level but no difference was found between the two lower intake levels. Linear regression of HP in the fed state to zero ME intake yielded a higher estimate of NEm of 71.02 kcal/kg BW 0·75 per d in laying hens than the extrapolated fasting HP at zero ME intake on d 1, 2 and 3 of starvation (60.78 s 65.23 kcal/kg BW 0.75 per d). In addition, fasting time and duration of adaption of laying hens to changes in ME intake level should be considered carefully when estimating maintenance energy requirements.
